The starchy endosperm (SE) of the developing grain (caryopsis) of barley (Hordeum vulgare L.) cv Himalaya, as well as that of other barley cultivars examined, acidifies during maturation. The major decrease in pH begins with the attainment of maximum grain dry weight, onset of dehydration, and completion of chlorophyll loss. Acidification is correlated with the accumulation of malate and lesser amounts of citrate and lactate, produced and probably secreted by the pericarp/testa/aleurone (PTA). It is accompanied by large concurrent rises in phosphoenolpyruvate carboxylase and alcohol dehydrogenase (ADH) activity in the PTA. The activity of seven other enzymes of oxaloacetate and pyruvate metabolism was found to fall or rise only slightly during acidification. Sequential changes in relative amount of ADH isozymes were found in both PTA and SE. The PTA maintained a high respiration rate and adenylate energy charge (AEC) throughout acidification, whereas the SE showed a low respiration rate and rising AEC. The data are consistent with the occurrence of hypoxia in the SE. It is suggested that the above enzyme changes are required for the development of a malate/ethanol fermentation (i.e. a mixed metabolism) in the aleurone layer during maturation.
The mature endosperm (comprising the SE' and surrounding aleurone layer) ofbarley and other cereals has been studied extensively with regard to its structure, composition, and function during germination (reviewed in ref. 14) . However, much less is known about endosperm development, despite an accumulation of data on morphology, starch synthesis, storage protein deposition, and enzyme activities (5, 12, 31) . This is especially true of the maturation process, which involves transition from grain-filling to preparation for quiescence, dormancy, survival under adverse conditions, and finally germination. Despite the charting of enzyme activities related to starch degradation, glycolysis, and the pentose phosphate pathway (reviewed in ref. 13) , no integrated picture of endosperm metabolism, or of the relative roles of the aleurone and SE, is available.
It has been observed that ADH accumulates in the outer layers of the barley grain during development and that the 'Abbreviations: SE, starchy endosperm; ADH, alcohol dehydrogenase; AEC, adenylate energy charge; DPA, days post anthesis; PEPC, phosphoenolpyruvate carboxylase; PTA, pericarp/testa/ aleurone. synthesis ofADH in mature aleurone tissue is increased under low 02 concentration (19) . This suggested the possibility of hypoxic conditions within the developing grain. Because an early response of plant cells to hypoxia is acidification of the cytoplasm caused by lactic acid production (1 1, 30), we asked whether the endosperm of the developing barley grain also acidifies.
In this report, we show that a marked acidification does in fact occur in the SE, due chiefly to production and secretion of protons and malate by the aleurone tissue. A number of biochemical changes are found that shed light on the mechanism of this process, the possible role of hypoxia, and the development of fermentative pathways.
MATERIALS AND METHODS Plant Material
Grain of barley (Hordeum vulgare cv Himalaya) was incubated at room temperature for 2 d on filter paper in 9 cm Petri dishes containing 5 mL water. The germinated grain was planted in 12 were removed from each ear, and the total grain sample was mixed well. The bulked grain was subsampled for each assay. The grains were either used intact, or the embryo and distal end were excised, giving "half-grains" so as to facilitate the stripping of the combined outer layer, the PTA, from the SE. For this operation, small spatulas were used. After 40 to 45 DPA (depending on the batch of plants), when stripping was no longer possible owing to desiccation of the grain, samples of SE were obtained by shaving off the PTA (with a small amount of adhering SE) using a sharp scalpel.
Fresh Weight and Dry Weight
Twenty whole grains were weighed immediately after harvest to determine fresh weight and these grains were then dried at 80°C for 2 d for determination of dry weight.
Chi Determination
Chl was assayed in two replicate samples of 10 whole grains using the method of Arnon (2) .
pH Determination
Twenty PTA or SE were homogenized in a total of 3 mL distilled water using a mortar and pestle with acid-washed sand, and the pH of the unclarified homogenate was immediately measured.
Organic Acid Analysis
Three replicate samples of 20 SE were ground to a powder under liquid N2 in a mortar. This was extracted with a total of 7 mL 80% methanol by further grinding with acid-washed sand. The homogenate was centrifuged at 20,000g, the supernatant was recovered, and the pellet reextracted with 3 mL 80% methanol. Half of the combined extract was subjected to cleanup on a 20 x 5 mm column of DEAE-Sephadex A-25 by the method of Chalmers and Watts (8) (19) .
The other enzymes were extracted with 100 mM Hepes-KOH, pH 7.5, containing 0.5% (w/v) BSA, 1 mM MnCl2, and 10 mM DTT, by grinding with sand in a mortar. The brei was diluted with extraction buffer and centrifuged at 30,000g for 10 min. The supernatant was saved and the pellet reextracted with buffer. An aliquot of the combined extract was desalted and buffer-exchanged on a small Sephadex G-25 column (PD-10, Pharmacia) into 10 mM Hepes-KOH, pH 7.5, containing 0.5% BSA, 1 mM MnCl2, and 1 mM DTT. Enzyme assays were conducted spectrophotometrically at 25°C by following reduced pyridine nucleotide absorption at 340 nm in a reaction volume of 1 mL.
PEPC was assayed essentially as described by Hatch and Oliver (22 (17) .
Respiration Rate
Oxygen uptake in the dark was measured at 25°C using the Warburg technique. Two replicate samples of 20 PTA or SE were placed in the flasks on polythene gauze above water drops to maintain humidity. The rate of 02 uptake was constant for several hours after tissue preparation, and the sum of the rates for PTA and SE was close to that of the halfseed.
Adenine Nucleotide Analysis
Two replicate samples of 10 PTA and SE were dissected into liquid N2, where they were stored prior to extraction. Each sample was powdered under liquid N2 and then homogenized with 5 mL 5% (w/v) TCA, while thawing, using a Teflon/glass homogenizer. The PTA homogenate was treated with 150 mg Polyclar AT for 30 min at 0°C with frequent swirling to remove interfering polyphenolic material. Subsequent steps were done rapidly at 0 to 5C. After centrifugation at 30,000g and reextraction of the pellet with 5 mL 5% TCA, the combined supernatant was extracted twice with 2 volumes of diethyl ether to remove TCA before being added to an equal volume of 100 mM Hepes-KOH, pH 7.5, containing 25 mm Mg acetate. Residual ether was removed by bubbling with N2 and the extract made up to 20 mL with water. Adenine nucleotides were then assayed by a luciferase method (9) .
RESULTS
Fresh Weight, Dry Weight, Chi, and pH of Endosperm The acidification phenomenon caused us to look for accumulation of organic acids in the developing SE. Figure 2 shows that, beginning at 40 DPA, there was a large increase in malate accompanied by smaller increases in citrate and lactate. The levels of succinate, fumarate, and acetate did not increase during development. Two unidentified anions with retention times of 9.9 and 10.3 min decreased continuously in amount from 25 DPA onward. These and the above-named anions accounted for approximately 95% of the total peak area (214 nm absorbance) throughout development. Clearly, malic, citric, and lactic acids are the major organic acids involved in the rapid phase of acidification.
Can Organic Acids Account for the Acidification?
We next asked what contribution these three organic acids could make to the observed pH decrease in the SE. An aqueous homogenate was prepared (see "Materials and Methods") of SE at 30 DPA, i.e. before in vivo acidification; its pH was 6.6. When the amounts of malic, citric, and lactic acids present at 52 DPA (Fig. 2) were added to this homogenate, the pH decreased to 5.6 . The pH at 52 DPA of SE from the same batch of plants was 4.8 . The accumulation of the three acids, therefore, can account for over half of the observed pH decrease.
Role of the PTA in Acidification An important question is whether the acid in the SE originated there or whether it was produced in adjacent tissues and secreted into the SE. Grains were harvested at 33 DPA (during the early stages of acidification) and half-grains, PTA, and SE were prepared and incubated on moist filter paper in Petri dishes. After 48 h, the half-grains had acidified to below pH 5, the pH of the isolated SE and its dish liquid had fallen very little, but the PTA had acidified the dish liquid to pH 3.4. HPLC analysis ofthis liquid showed a high concentration of malate, with some citrate and lactate. These results indicate that acidification can occur in the absence of the embryo and that the PTA is apparently the site ofacid production, because PTA acidified the bathing liquid but the SE did not. Although in half-seeds the SE is acidified, it would appear that the acids are produced in the PTA and then released into the SE. We in PEPC and ADH activity in the PTA, but no change or a slight fall in the SE (Fig. 3) 
ADH Isozymes 45 50
Barley contains three genes for ADH (17, 20) . It is a dimeric enzyme and the polypeptide products of the three genes A designated ADHI, ADH2, and ADH3 (19) combine with each other to form all six possible dimers. The six dimeric isozymes can be separated from one another by electrophoresis as can A be seen in Figure 4 .
As shown in Figure 3 , most of the ADH in the grain in the early stages of development (up to 20 DPA) was in the SE, and Figure 4 indicates that it was composed of ADH1, 2, and 3 polypeptides (the ADH2 and 3 homodimers probably did not appear because oftheir combination with the overwhelming amount of ADH1 polypeptide). As the ADH level decreased in SE from 20 DPA onward, the major loss appeared to involve ADH 1, whereas ADH2 homodimer appeared transiently at 25 to 35 DPA. Subsequently, all isozymes appeared to decrease equally. In PTA at 15 DPA, ADH1 dominated the profile but, from then on, ADH2 and 3 polypeptides appeared. At 30 DPA and later, when the total ADH level had achieved its maximum rate of increase (Fig. 3 ), ADH2 and 3 (even the homodimers) became prominent in the 45 50 isozyme profiles, although at 50 DPA there was less ADH3 polypeptide than at 45 DPA (Fig. 4) - (Fig. 1) . Second, the accumulated amounts of ea grain. these acids are sufficient, when added to aqueous SE homog-
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Ethanol Levels
The strong developmental rise in ADH activity in the PTA raised the possibility of an accumulation of ethanol in the grain. Throughout the period 15 to 45 DPA, the ethanol content of both PTA and SE remained relatively constant at approximately 500 nmol/half-grain (data not shown). Taking an average fresh weight of 20 mg/PTA and 50 mg/SE, and water content of 50%, this corresponds to about 50 mM ethanol in PTA and 20 mm in SE.
Respiration Rate
To see whether the apparent increase in fermentative metabolism of the endosperm during acidification was at the expense of aerobic metabolism, it was of interest to determine the capacity of the tissues for aerobic respiration. The respiration rate of the PTA did not change significantly during development, remaining within the range of 6 to 9 uL 02 h-1 half-grain-' (Fig. 5) . This corresponds to 440 to 560 I°0 2 h-' g-' fresh weight. That of the SE, after falling from a value of approximately 5 jA 02 h-' half-grain-' at 15 DPA, remained at a low value of 0.7 to 1.5 uL 02 h-' half-grain-' thereafter. The greater scatter in the data for PTA may reflect a greater lability of PTA than SE to damage during preparation.
AEC
This parameter is defined as (2 ATP + ADP)/2(ATP + ADP + AMP) (see for example ref. 29 ). In the PTA, it remained close to 0.8 throughout development (Fig. 6) . In the SE, however, it sank from an initial value ofapproximately Days post anthesis Plant Physiol. Vol. 98, 1992 enate, to bring about the greater part ofthe pH drop observed in vivo. Some of the pH decrease in vivo may also be caused by an age-dependent loss of buffering capacity in the SE due to loss of cell viability, as discussed below. Third, isolated PTA but not SE can acidify moist filter paper and secrete malic acid. Fourth, the activity of PEPC, an important step in malate synthesis, increases manyfold in the PTA but not SE from 30 DPA onwards (Fig. 3) ; this is considered in more detail below.
In what region of the PTA are the acids produced? Surgical isolation of the aleurone layer is not feasible, except at early developmental stages, so this question cannot be tested directly. However, two arguments suggest strongly that the aleurone is responsible. Anatomical studies of the developing barley grain (26) indicate that by 31 DPA the testa has been crushed and degeneration ofthe inner and outer pericarp cells is complete. Hence, the aleurone is likely to be the only metabolically competent tissue remaining in the PTA after this time. Isolated PTA of germinating mature barley, for which this is certainly true, has been shown by Mikola and Virtanen (27) to secrete malic acid into the incubation medium. In the developing grain, the presence of abundant plasmodesmata connecting the aleurone cells to those of the SE (31) would provide a path for transport into the SE.
The simplest explanation for our results is that the organic acids are synthesized in the aleurone cells and transported or secreted into the SE. It is equally possible that protons are pumped into the SE by the PTA, accompanied by passive or facilitated diffusion of malate and other anions to maintain electrical neutrality. We cannot yet distinguish between these two possibilities.
In plant cells accumulating large amounts of malate, the major source ofthe required oxaloacetate is usually the PEPC reaction (25) . The large rise in activity of this enzyme in the PTA (Fig. 3) , together with the excess activity of NAD-malate dehydrogenase, suggests that the increased PEPC activity is required for acidification. Yet, comparison ofassayable PEPC activity with the rate ofmalate accumulation does not support the idea that the former limits the latter. Thus, the activity at 25 DPA, i.e. prior to rapid acidification, is 33 nmol min-' half-grain-' (Fig. 3) , which is over 1000-fold in excess of the rate of malate accumulation from 40 to 46 DPA (0.014 nmol min-' half-grain-'; Fig. 2 ). However, neither the rate of glycolysis (i.e. rate ofsupply ofPEP) nor the actual rate of malate production is known. Furthermore, whereas the PEPC is assayed under optimal, activating conditions, it may be working in the aleurone cytosol under very suboptimal (e.g. acidic) conditions, in which malate inhibition of the enzyme is favored (1) .
ADH activity in PTA also showed a large developmental rise, concurrent with that of PEPC (Fig. 3) . Although the ethanol level did not change significantly with time in either PTA or SE, only steady-state values were measured that do not take account of possible loss by evaporation from the grain surface. Any increase in the rate of ethanol production resulting from the increased ADH activity, therefore, could be masked. ADH polypeptides 1, 2, and 3 appeared sequentially in the PTA during development, polypeptides 2 and 3 becoming prominent from 30 DPA onward (Fig. 4) . In view ofthe work of Hanson and Jacobsen (18) with isolated mature PTA, in which synthesis of the ADH polypeptides was promoted sequentially, in the same order, by decreasing 02 concentration from 20 to 0%, this suggests that the PTA of developing grain is under increasing hypoxia, particularly after 30 DPA. The decrease in ADH3 at 50 DPA may then indicate that aeration improves in mature grain. The ADH isozyme patterns in SE (Fig. 4) differ from those in the PTA and suggest that the SE experiences hypoxia earlier than the PTA.
Anatomical studies support the idea that hypoxia may occur within developing grains. A number of cuticles are formed in the pericarp and testa of the barley grain by 20 DPA (10, 16) and they are thought to present a barrier to gaseous exchange between the atmosphere and the inside of the grain (10) . Once Chl has disappeared at 30 to 35 DPA, the pericarp can no longer provide 02 by photosynthesis (13) , and the 02 level will be depleted.
The results discussed so far indicate at least a partial redirection of metabolism in the maturing PTA into malate fermentation. This, plus the circumstantial evidence for hypoxia within both PTA and SE, led us to investigate their capacity for aerobic respiration and their energy status. The PTA was found to maintain a high respiration rate throughout development (Fig. 5) , comparable to that of barley root or young wheat leaf (6) . Consistent with this, the PTA maintained an AEC close to 0.8 (Fig. 6) , a value typical ofnormoxic tissue (1 1, 29) . The SE showed a very different trend. Prior to the acidification phase, the respiration rate fell continuously to about one-fifth of its initial value, accompanied by a matching fall in AEC to 0.5 ( Figs. 5 and 6 ). The AEC then recovered progressively during acidification to 0.8, whereas respiration rate remained at a low level. The fact that the total adenylate pool at 43 DPA was only approximately 8% of its size at 15 DPA (Fig. 6) The results of this study have significantly extended our knowledge of events in the maturation phase of barley grain development. We have shown that the SE is progressively acidified by malic acid (or protons plus malate) produced in the PTA, almost certainly in the aleurone cells. Some or all of this malic acid evidently persists in the mature grain, in which a high level has been reported (24) . Possible uses of this malate accumulation in germination are the generation of an acidic environment for the action of endosperm hydrolases and scutellar transport systems (27) or, alternatively, the provision of a pool of immediately metabolizable substrate. The spectacular increase in PEPC activity appears to be part of a metabolic switch to a malate fermentation. It is presumably coupled to an increased rate ofglycolysis, but this remains to be demonstrated. The function of the equally large rise in ADH activity is less clear, as changes in ethanol content were not found. Some level of ethanolic fermentation obviously occurs throughout development. Evidence for and against hypoxia in the PTA was found, but some degree of hypoxia in the SE is likely. Resolution of this question requires the development of methods to analyze the internal atmosphere of grains.
